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ABSTRACT 

n th i s  q u a r t e r ,  most a t t e n t i o n  w a s  concentrated on 
var ious  acceptor  sources ,  and the i n t e r a c t i o n  of these 
sources  w i t h  subsequent l i th ium s o l a r  c e l l  p r o p e r t i e s ,  
X t  appears poss ib l e  now t o  obtain increased output  
from oxygen-poor s i l i c o n ,  and t o  provide ce l l s  w i t h  a 
gradual  t r a n s i t i o n  from earlier ce l l s  which used standard 
B C l 3  processes.! The shipments scheduled and much of the 
work for the next period w i l l  cont inue the emphasis of 
the present  per iod.  

iii 



1.0 

2.0 

201 

2*2 

2.3 

2.4 

3 .O 

4.0 

5 , O  

* 

TABLE OF CONTENTS 

INTRODUCTION 

TECHNICAL DISCUSSION 

BORON DIFF’USION METHODS 

LITHIUM INTRODUCTION 

OTHER TOPICS 

CELL SHIPMENTS 

CONCLUSIONS 

RECOP/IMENDATS OMS 

NEW TECHNOL 

1 

1 

1 

5 

6 

6 

6 

7 

7 



-II INTRODUCTION 
The present  con t r ac t  cont inues development of 

h igh  e f f i c i e n c y  solar cells  Lasing l i t h ium doping t o  
maintain high output i n  the charged p a r t i c l e  space 
ehvironment a 

rev ious  JPL c o n t r a c t s  led t o  improved c e l l  
erformance and cons is tency ,  and showed the areas 
eeding improvement I) One problem w a s  t o  understand 

why, a f te r  equiva len t  l i t h ium d i f f u s i o n  schedules I 

cells us ing  oxygen-poor s i l i c o n  genera l ly  had lower 
and usua l ly  a l s o  Isc)  than  cel ls  made from 

c r u c i b l e  grown s i l i c o n .  The main reason was thought 
t o  be the boron d i f f u s i o n  method used t o  form the Pd- 
l a y e r ,  and the i n t e r a c t i o n  of the r e s u l t i n g  N - s i l i c o n  
w i t h  the in-diffused l i th ium.  

Therefore,  most r ecen t  work has been concentrated 
on eva lua t ing  var ious methods of boron d i f f u s i o n ,  
In a d d i t i o n  t o  s e l e c t i n g  the c o r r e c t  d i f f u s i o n  condi t ions  
t o  r e a l i z e  the best pt. l a y e r  q u a l i t i e s ,  the o v e r a l l  
c e l l  performance has t o  be monitored, and i n  some cases 
the f a b r i c a t i o n  sequence ad jus t ed ,  t o  best match the 
boron d i f f u s i o n  method used 

TECHNICAL DISUCSSION 

BORON DIFFUSION METHODS 

The boron t r i c h l o r i d e  source used mostly on Cent ra lab ' s  
previous c o n t r a c t s  has  been used success fu l ly  f o r  
producing l a r g e  numbe of good performance 
cel ls  for space use ,  ny a l t e r n a t e  system c 
reduce the disadvantages of BC131 w h i l e  r e t a i n i n g  its 
important advantages,  The f i n a l  choice of the best 

of the l i t h ium cel ls  produced, and the r e p e a t a b i l i t y  of 
the process f o r  l a r g e  numbers. 

oron d i f f u s i o n  method w i l l  be determined by the q u a l i t y  

dvantages of BC13 
a, It is  a proven source,  capable of good c o n t r o l  for  

l a r g e  production q u a n t i t i e s  

Chlorine-containing gases i n  the d i f f u s i o n  tube react 
w i t h  the s i l i c o n  g iv ing  gas-etching, T h i s  makes 
the process less dependent on the su r face  f i n i s h  of 
the s t a r t i n g  slices, and enables  good ce l l s  t o  be 
formed even en the s i l i c o n  has a lapped su r face  
%il-kiSh, 
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d e  

Bel3 f o r m s  a boron-rich l a y e r  ?i t o  1 m i l  thick 
a t  the s i l i c o n  su r face ,  T h i s  l aye r  a c t s  as the 
boron source f o r  in--diffusion,  and also as a 
s ink  f o r  impur i t ies  ge t te red  from the s i l i c o n ,  
T h i s  l a y e r  i s  mechanically removed when the slices 
are cooled and boi led i n  n i t r i c  acid, T h e  g e t t e r i n g  
may increase  the minori ty  c a r r i e r  d i f f u s i o n  length ,  
o r  the pe r fec t ion  of the P/N junc t ion  reg ion ,  

The su r face  l e f t  on the s i l i c o n  when the l aye r  
i n  (c) i s  removed has low r e f l e c t i v i t y  over the 
s o l a r  spectrum range, Thus, high c e l l  c u r r e n t s  can 
be obtained e i ther  by leaving  t h i s  su r face  f i l m  
i n t a c t ,  or by removing some of the E i l m  and over- 
coa t ing  it w i t h  an a d d i t i o n a l  S i 0  a n t i r e f l e c t i v e  
coa t ing  e 

i sad vant  a ge s of BC l3 2 * 1 , 2  
a .  The  e t ch ing  i n  2,l.l b) makes it d i f f i c u l t  t o  form 

complex s t r u c t u r e s  i n  l i t h i u m  s o l a r  ce l l s ,  Such 
s t r u c t u r e s  include those needing a t h i n  N-0- or  
oxygen l aye r  under the I?+ l a y e r ,  t o  increase  c e l l  
s t a b i l i t y  a f t e r  exposure t o  high p a r t i c l e  f luknces a 

b. The BC13 process can introduce stresses i n t o  the 
s i l i c o n ,  probably from the l aye r  formation described 

c ) .  These stresses show as increased 
ens.i ty (increased d i s l o c a t i o n  dens i ty )  o r  

i n  extreme cases as warpage, or as decreased break- 
i n g  stress, The stresses impose a l i m i t  on how 
t h i n  t h e  o r i g i n a l  sl ice can be and make t h e  process 
more dependent on su r face  f i n i s h  f o r  t h inne r  sl ices,  
It is also believed tha t  these stresses can a f f e c t  
the behavior of l i th ium subsequently d i f fused  i n t ~  
the cell, p a r t i c u l a r l y  for oxygen-poor s i l i c o n ,  
and can lead t o  Lower LJV parameters and reduced 
a b i l i t y  t o  recover after: i r r a d i a t i o n ,  

The a n t i r e f l e c t i v e  boron l a y e r  may reduce the bond- 
i n g  of t i t an ium t o  the su r face ,  leading t o  decreased 
con tac t  adhesion. 

.- -- 
NQTE:: The '8norma18R defects ( m i s m a t c h ,  s t r a i n ,  and 

mn-ionized p r e c i p i t a t s ) '  r e s u l t i n g  from the 
h igh  concent ra t ion  of boron needed i n  the 
very shallow -0- su r face  l a y e r  required f o r  
good space solar ce l l  opera t ion  are probably 
comparable for  B e l 3  t o  those r e s u l t i n g  f r o m  
any alternate boron source,  
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2.1,3 O t h e r  Boron Sources 
Severa l  a l t e r n a t e  sources  have been used success- 

f u l l y  f o r  o t h e r  devices .  These sources  include s o l i d  
forms (boron oxide,  boron n i t r i d e )  i n  suspension o r  
used as vapor sources ,  l i q u i d  forms (boron t r ibromide,  
t r ime thy l  bo ra t e )  or gaseous forms (diborane) 

I n  prel iminary tes ts ,  boron n i t r i d e ,  t r ime thy l  
borate and diborane were not promising. Boron oxide 
and boron t r ibromide showed more promise, and are 
discussed below. 

I n  genera l ,  the lack of gas e t ch ing  r e q u i r e s  t ak ing  
more care i n  su r face  f i n i s h  and c l e a n l i n e s s .  T o  ob ta in  
s i m i l a r  d i f fused  l aye r  p r o p e r t i e s  t o  those used on 
present  good space cells ,  it w a s  necessary t o  a d j u s t  
the temperature t i m e  cyc le  f o r  each source.  There w a s  
o f t e n  i r r e g u l a r  gas flow, causing nonuniformity i n  
d i f fused  l a y e r s .  Some sources  l e f t  sur face  f i lms  
which d i d  not have beneficial a n t i r e f l e c t i v e  p r o p e r t i e s ,  
and w h i c h  w e r e  tenacious and d i f f i c u l t  t o  remove without 
harming t h e  shallow P+ l a y e r .  Often when the d i f f u s i o n  
condi t ions  w e r e  comparable t o  those obtained wi th  BC13 
the r e s u l t a n t  I - V  p r o p e r t i e s  of t h e  cel ls  w a s  poor. 

2,SLa3,b ,Boron Oxide 
Although some cel ls  comparable t o  BCl3, ce l l s  w e r e  

made, genera l ly  the I - V  values  w e r e  lower and o f t e n  an  
uneven su r face  l aye r  w a s  formed. However, the etch p i t  
d e n s i t y  w a s  not  increased s e r i o u s l y  i n  c o n t r a s t  t o  t h e  
s t anda rd  BC13 process .  
s igns  t h a t  Voc w a s  increased f o r  oxygen-poor s i l i c o n  
a f t e r  standard l i th ium d i f f u s i o n  cyc le s  

These w e r e  a l s o  some encouraging 

2 ~ 1 . 3  e 2 Boron Tribromide (BBr3)  

O t h e r  c o n t r a c t o r s  i n  the  previous year supplied 
good q u a l i t y  l i th ium ce l l s  us ing  t h i s  source.  
i n  t h e  present  work, there w a s  some d i f f i c u l t y  i n  
acqui r ing  the necessary consis tency of d i f f u s i o n  
parameters,  and of Isc and Voc values .  The l i q u i d  
BBr3 w a s  maintained a t  28OC, and the vapor w a s  c a r r i e d  
i n t o  t h e  d i f f u s i o n  tube by n i t rogen ,  w i t h  small add i t ion  
of oxygen. The important va r i ab le s  are the sl ice 
temperature,  t h e  flow rate  of BBr3 ( too much leaves a 
boron s t a i n  f i lm)  and adjustment of the oxygen flow 
r a t e  between the extremes of too  l i t t l e  (where in- 
s u f f i c i e n t  B2O3 is  formed a t  t h e  s i l i c o n  sur face)  and 
too  much (where the thicker S i 0 2  l aye r  formed reduces 
t h e  boron sur face  concen t r a t ion ) .  

-3- 



Later tests have shown success  i n  a d j u s t i n g  
these v a r i a b l e s  t o  allow good I -V  c h a r a c t e r i s t i c s  
f o r  a l l  three forms of s i l i c o n  growth, w i t h  smal l  
increase  i n  etch p i t  dens i ty .  More work cont inues on 
BBf3 processed ce l l s  

d i f i e d  BC13 Process 

The convent ional  BCl3 process includes three 
pe r iods ,  a warm-up t i m e  i n  i n e r t  gas ,  a depos i t i on  
t i m e  dur ing  w h i c h  BC13 i s  introduced i n t o  the i n e r t  
gas flow, and the d i f f u s i o n  t i m e  when the BC13 i s  
switched o f f .  Typical  t i m e s  are 8 minutes f o r  each 
of t h e  f irst  two per iods ,  and 10 minutes f o r  the 
d i f f u s i o n  t i m e .  Analysis of the process showed that  
the boron l a y e r  forms du r ing  the depos i t i on  t i m e ,  
and t h i s  t i m e  was determined by the need t o  provide 
excess boron f o r  i n t e r a c t i o n  a t  the s i l i c o n  su r face ,  
b o t h . f o r  high su r face  concent ra t ion  and f o r  formation 
of a good a n t i r e f l e c t i v e  coa t ing .  T h e  depos i t i on  t i m e  
w a s  sys t ema t i ca l ly  reduced and t h e  effects  s tudied  e 

As the t i m e  w a s  decreased the amount of boron 
l a y e r  decreased l i n e a r l y .  The blue boron l aye r  l e f t  
af ter  d i f f u s i o n ,  a l s o  became f a i n t e r  and f o r  s h o r t  
t i m e s  l e f t  the s i l i c o n  su r face  c l o s e  t o  bare s i l i c o n  
i n  co lo r .  There w e r e  occas iona l  s t a i n s  and v i s u a l  
effects  from gas e t ch ing ,  but  these w e r e  not  s e r i o u s ,  
and the bonding s t r e n g t h  of t i t an ium-s i lve r  seemed 
g r e a t e r  than  f o r  "normal" BC1 ce l l s .  

3 
The measured etch p i t  d e n s i t y  f e l l  d r a s t i c a l l y  f o r  

depos i t i on  t i m e s  below 4% minutes.  
f o r  depos i t i on  t i m e s  of 8, 5 ,  and 2 minutes w e r e  60,000, 
45,000, and 10,000 e t c h  p i t s  per c m 2  r e spec t ive ly .  
I f  no l i t h ium w a s  introduced, c o n t r o l  cells made from 
a l l  these forms of s i l i c o n  showed gradual ly  inc reas ing  
Isc as t h e  depos i t i on  t i m e  w a s  increased: t h i s  w a s  
mainly from increased s h o r t  wavelength response,  caused 
by the t h i c k e r  boron f i lm.  

Typical  values  

When l i t h ium w a s  added, f o r  i nc reas ing  depos i t i on  t i m e ,  
oxygen-rich s i l i c o n  showing inc reas ing  Isc (as f o r  t h e  
c o n t r o l  cel ls)  and s l i g h t  increase  i n  Voc. On the other 
hand , f o r  l i t h ium cells w i t h  i nc reas ing  depos i t i on  t imes , 
oxygen-poor s i l i c o n  showed decreas ing  Isc (mainly i n  
long wavelength response) and s teady  decrease i n  voc. 
The r e s u l t s  for s h o r t  depos i t i on  t i m e s  were encouragingly 
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c l o s e  t o  the b e s t  values  found f o r  non-BC13 sources .  
T h i s  modified BC13 process w i l l  be continued , because 
of i t s  a b i l i t y  t o  c o n t r o l  the i n t e r a c t i o n  of boron 
w i t h  s i l i c o n ,  thus  allowing good comparison of the 
r e a l  effects  of boron d i f f u s i o n  on o the r  parameters 
( e spec ia l ly  on the s i l i c o n ,  and the l i t h ium cyc le )  

w i t h  f e w e r  per turb ing  v a r i a b l e s .  It a l s o  has the 
advantage of g iv ing  con t inu i ty  between o lde r  and 
newer l i t h ium cells and should h e l p  i n  understanding 
the phys ica l  mechanisms opera t ing .  

2 2 LITHIUM INTRODUCTION 
I n  t h i s  per iod ,  the l i t h ium d i f f u s i o n  cyc le s  used have 

been maintained t o  give moderate l i t h ium concent ra t ions  
( 5X1014cm-3 near  the P/N j unc t ion  as measured by 
capaci tance)  t o  allow comparison of the var ious 
acceptor  methods. La ter ,  more low temperature d i f f u s i o n  
schedules w i l l  be used. 

Using s i m i l a r  schedules l i t h ium was d i f fused  i n t o  
s e v e r a l  slices of N- s i l i c o n ,  inc luding  a l l  three forms 
of c r y s t a l  growth, and a wide  range of i n i t i a l  donor 
concent ra t ions .  The l i t h ium concent ra t ion  near  each 
face  of the s l ice  w a s  measured and d i d  not show 
dependence on either the s i l i c o n  growth method o r  the 
background concent ra t ion .  

Some a d d i t i o n a l  conclusions have been drawn concern- 
i n g  the effect  of l i t h ium on etch p i t  formation2 

a .  The P+ l aye r  etched d i f f e r e n t l y  when l i t h ium had 
been d i f fused  from the back of the slice towards 
the P+ l a y e r .  The background w a s  bumpy, and 
contained or ien ted  h i l l o c k s ,  compared t o  w e l l  
def ined or iented etch p i t s  when no l i t h ium w a s  
near the P+ l aye r .  

b. The l i t h ium d r a s t i c a l l y  reduced the apparent etch 
p i t  d e n s i t y  a t  the back su r face ,  where it w a s  
introduced. However, where p i t s  d i d  remain they 
w e r e  the same s i z e  as those i n  t h e  l i thium-face 
a r e a ,  suggest ing an equal  etch rate ,  

Tests continue tobfind the reason f o r  these d i f f e r e n c e s .  
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2.3 OTHER TOPICS 
Some c r u c i b l e  grown i n g o t s  w e r e  purchased from 

o u t s i d e  s u p p l i e r s  and are be ing  processed f o r  
compari'son w i t h  Cent ra lab  i n g o t s ,  

Continuous refinement is  proceeding i n  the 
techniques f o r  applying optimum a n t i r e f l e c t i v e  coat- 
i ngs ,  and a l so  c o n t a c t s  w i t h  the best adhesion and 
l o w e s t  r e s i s t a n c e .  

Some of the ear l ie r  conclusions drawn on c o n t r o l  
ce l l s  made w i t h  no l i t h i u m  may have been i n c o r r e c t  
because of con tac t  barriers. These tes ts  are be ing  
repea ted .  

Breaking tests w e r e  performed on t h i r t y  c ruc ib l e -  
grown s l ices ,  f i f t e e n  sl ices be ing  chemically 
polished, f i f t e e n  w i t h  a lapped f i n i s h .  Five sl ices 
of each su r face  f i n i s h  w e r e  given three d i f f e r e n t  BC13 
d e p o s i t i o n  t i m e s .  Unexpectedly, the breaking weights 
d id  not  show any c o n s i s t e n t  dependence on the d e p o s i t i o n  
t i m e .  

More tests w e r e  made on f r o n t  su r f ace  in t roduc t ion  
of l i thium-,  and of oxygen l a y e r  ce l l s .  These w i l l  be 
cont inued.  T e s t s  w i l l  a l so  be continued on aluminum 
c o n t a c t s .  

Some ce l l s  w e r e  made w i t h  deeper P/N junc t ions  
(0.7 and 1 .0  microns) e As expected the short wavelength 
response decreased,  the bulk response remained s t eady ,  
and the curve f i l l - f a c t o r  only increased s l i g h t l y  

2,4 CELL SHIPMENTS 
The f irst  s i x t y  c e l l s  of the 600 scheduled under 

the c o n t r a c t  are being completed. 

T h e  f i rs t  shipment w i l l  u se  F.2, s i l i c o n  and the 
same l i t h i u m  d i f f u s i o n  schedule f o r  a11 cel ls .  H a l f  
the cel ls  w i l l  use  the s tandard B C 1  cyc le ,  the o t h e r  
half w i l l  be d i f fused  u s i n g  BBr3.  3 

3 0 CONCLUSIONS 
There has been improvement i n  c o n t r o l  and under- 

s t and ing  of var ious  methods f o r  in -d i f fus ing  boron, 
There are encouraging s i g n s  tha t  the oxygen-poor 
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s i l i c o n  w i l l  have improved performance over ear l ier  
tests,  and it i s  now poss ib l e  t o  br idge  the gap completely 
between the las t  con t r ac t  BC13 methods and t h e  methods 
being used c u r r e n t l y .  T h i s  c o n t i n u i t y  i s  important 
because it allows s t a b i l i z a t i o n  of a l l  the o t h e r  c e l l  
f a b r i c a t i o n  v a r i a b l e s ,  as w e l l  as consis tency i n  
i r r a d i a t i o n  and s torage  condi t ions .  The i n t e r a c t i o n  of 
the other c e l l ! f a b r i c a t i o n $  procedures w i t h  the acceptor  
d i f f u s i o n  i s  being s tudied  i n  d e t a i l  t o  optimize a l l  the 
c e l l  p r o p e r t i e s .  

.O  RECOMMENDATIONS 
Work w i l l  continue on the i n t e r a c t i o n  of a l l  the 

ce l l  f a b r i c a t i o n  s t eps .  C e l l s  w i t h  var ious acceptor  
d i f f u s i o n  methods w i l l  be submitted f o r  i r r a d i a t i o n .  

5 , O  NEW TECHNOLOGY 
Most of the advances have been the r e s u l t  of 

a p p l i c a t i o n  of already e x i s t i n g  technology. Therefore, 
no new technology is  repor t ab le  i n  t h i s  per iod ,  
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